This is a serial section examination of the conduction system of five hearts of various types of dextrocardia. In one case of dextroversion the conduction system was found to be normal. In one case of mirror-image dextrocardia the conduction system was normal but in the opposite spatial position. In one heart of mixed (discordant) dextrocardia, the sinoatrial node was in correct morphologic position. There were two atrioventricular nodesa posterior node close to the coronary sinus and an anterior node in the THE COURSE of the conduction system in dextrocardia has been delineated only rarely anatomically" 2 or electrophysiologically. 3 We undertook a serial section study of the conduction system in various types of dextrocardia.
roof of the morphologic right atrium. They formed two separate bundles which joined in the left ventricle to form a "sling." In two cases of presumptive mirror-image dextrocardia, with a common atrium in situs inversus according to the morphology of the atrial appendages, with common atrioventricular orifice (CAVO), the sinoatrial node was situated in wrong positions. Two atrioventricular nodes and bundles again formed a sling. There are various types of slings in discordant dextrocardia. diagnosis of the anatomic nature of the atria or the atrial components of the common atrium is made from the morphology of the atrial appendages which are considered to be in mirror-image (situs inversus atria).
Materials and Methods
The course of the conduction system in one heart of dextroversion, one of mirror-image dextrocardia, one of mixed (discordant) dextrocardia and two of presumptive mirrorimage dextrocardia were studied. The electrocardiogram showed no evidence of A-V block or Wolff-Parkinson-White (WPW) syndrome in any of these cases.
In case 1 (dextroversion) and case 2 (mirror-image dextrocardia) the entire heart with the exception of the apex was serially sectioned at right angles to the posterior wall. Every fifth section was retained in case 1 and all sections in case 2. In case 3, the sinoatrial (S-A) node was serially sectioned and every tenth section was retained. A block was fashioned from the entire distal (downstream) part of the atrial septum and the proximal (upstream) part of the ventricular septum including the parietal walls of both ventricles and the base of the aorta and atretic pulmonary trunk. This block was serially sectioned at right angles to the posterior wall of the ventricular mass and every fifth section was retained. In cases 4 and 5 the entire common atrium was serially sectioned. In case 4 (presumptive mirror-image dextrocardia), the base of the right superior vena cava and the associated atrial wall were serially sectioned in one block and every tenth section was retained. A block was fashioned from the distal (downstream) walls of the atria and atrial septum and proximal (upstream) portion of the ventricular septum and parietal walls. This was serially sectioned and all sections were retained. In case 5 (presumptive mirror-image dextrocardia) the base of both atrial appendages with their adjacent atrial walls (two blocks), and the right superior vena cava with its junction with the common atrium (one block) were serially sectioned. In the first two blocks, every tenth section, and in the third block every fifth section were retained. The remainder of the entire heart was divided into anterior and posterior parts, and these were again subdivided into proximal (upstream) and distal (downstream) parts. The resultant four blocks were serially sectioned and every tenth section was retained. Consecutive sections in all cases with the exception of case 2 were stained with hematoxylin-eosin, Weigert-van Gieson and Gomori trichrome stains. In case 2, alternate sections were stained with hematoxylin-eosin and Weigert-van Gieson stains. In this manner 600 sections were studied in case 1, 2340 in case 2, 499 in case 3, 2124 in case 4 and 1594 in case 5.
Findings Case 1
This was a 3-month-old female infant who at autopsy had situs solitus viscera with a normal spleen. The electrocardiogram had been interpreted as showing normal position of the atria. The anatomic diagnosis was dextroversion (situs solitus atria with d-loop) with fetal coaretation and ventricular septal defect ( fig. 1 ). Associated cardiac abnormalities were a) diverticulum of the left ventricle and b) left superior vena cava entering the coronary sinus.
Course of the Conduction System (fig. 1)
The S-A node was in normal position at the junction of the right superior vena cava and the morphologic right atrium. There was no S-A node at the junction of the left superior vena cava with the coronary sinus. The approaches to the S-A node and the atrial preferential pathways and the approaches to the A-V node were normally located anatomically. The A-V nodal artery was thickened. The A-V node was in its normal position in the morphologic right atrium adjacent to the central fibrous body and mitral anulus. It pierced the proximal part of the central fibrous body to form the A-V bundle (bundle of His). The penetrating bundle then lay at the base of the pars membranacea on the morphologic left side of the summit of the ventricular septum. The branching portion of the bundle (fig. la) gave off most of the left bundle branch (LBB) fibers and the bifurcation occurred early. The LBB and the right bundle branch (RBB) took their normal course in their respective morphologic ventricles ( fig. la and b ). LBB was not followed to its termination. Case 2 This was a 27-day-old female infant who at autopsy had total situs inversus of viscera with a normal spleen. The electrocardiogram had been interpreted as showing mirrorimage atria and ventricles. The anatomic diagnosis was mirror-image dextrocardia (situs inversus atria with L-loop) ( fig. 2a and b) with a right sided ductus arteriosus and a patent foramen ovale. There were no other associated cardiac abnormalities.
Course of the Conduction System (fig. 2a and b)
The S-A node was in the normal position in the morphologic right atrium. The atrial preferential pathways were normal. An A-V nodal structure was formed joining the left atrium and ventricle penetrating the aortic-mitral normally. The LBB was not followed to its termination ( fig. 2b ).
Case 3
This was a six-month-old male with situs solitus viscera and a normal spleen at autopsy. The electrocardiogram had been interpreted as showing the atria in normal position and the ventricles inverted. The cardiac anatomic diagnosis was mixed (discordant) dextrocardia with atria in situs solitus (pivoted) and ventricles in mirror-image (L-loop) ( fig. 3a and b). This was associated with a) atypical inverted overriding aorta, with straddling conus and pulmonary atresia (L-transposition), b) ventricular septal defect, c) patent ductus arteriosus, d) single coronary artery and e) large bronchial arteries.
Course of the Conduction System (fig. 3)
The S-A node and its approaches were normally placed at the junction of the right superior vena cava with the right atrium. The regular (posterior) A-V node and its approaches were situated to the left of the central fibrous body in close proximity to the posterior wall of the atrial septal region ( fig. 3c ). The ramus septi fibrosi entered adjacent to this node. In addition an anterior A-V node and its approaches were present in the roof of the right atrium adjacent to the aortic-mitral anulus ( fig. 3c ). The posterior A-V node then pierced the central fibrous body to form the penetrating bundle. This journeyed along the septal surface of the morphologic left ventricle ( fig. 3d ). The anterior A-V node formed a second bundle which was considerably smaller than the other ( fig. 3d ). This journeyed along the parietal wall of the morphologic left ventricle. The septal or main bundle gave off most of the fibers of the LBB. It then divided into a RBB and a remaining segment of bundle ( fig. 3e ). The parietal bundle became moderately fibrosed and then joined the remaining segment of the other bundle to form a sling ( fig. 3e ). Some fibers of LBB were given off from this sling. The RBB journeyed intramyocardially to the right ventricle. Case 4 This was a 2 ½/2-year-old male child with situs solitus viscera and atria, and polysplenia at autopsy. The electrocardiogram had shown inverted P waves in lead I and upward P waves in aVR. The position of the ventricles was not determined. The cardiac anatomic diagnosis was presumptive mirror-image dextrocardia with a) inverted L-transposition of the arterial trunks, b) common atrium, c) common A-V orifice, with d) pulmonary atresia and e) atrophy of the left ventricle ( fig. 4a-c ). In addition part of the inferior vena cava was absent with a hemiazygos draining into a left superior vena cava which emptied into a presumptive right side of the common atrium, and the right superior vena cava entered the coronary sinus. The hepatic veins entered the presumptive right side. The left pulmonary veins drained into the presumptive right side and the right pulmonary veins into the presumptive left side of the common atrium.
Course of the Conduction System ( fig. 4) The S-A node was not present at the junction of the left superior vena cava with the presumptive morphologic right atrial side of the common atrium. Instead it was present at the junction of the right superior vena cava with the coronary sinus in the presumptive morphologic right atrial side ( fig. 4d ). There were two A-V nodes, with the approach of one posterior close to the coronary sinus and the other anterior on the roof of the presumptive morphologic right atrial side of the common atrium. Each node formed a bundle ( fig. 4e ). The posterior was larger and curved along the posterior rim of the combined defect of the common A-V orifice and gave off all the fibers of the LBB. The anterior bundle journeyed along the presumptive morphologic right side of the superior rim of the combined defect of the common A-V orifice. The two bundles then joined together on the distal wall of the combined defect to form a sling ( fig. 4f , g and h). The RBB was given off from the anterior part of the sling and broke up into Purkinje cells in the right ventricle. Case 5 This was a one-year-old female with partial situs inversus of the viscera with bilobed spleen at autopsy. The electrocardiogram showed inverted P waves in leads I and II and was interpreted as showing inversion of ventricles. The cardiac anatomic diagnosis was presumptive mirror-image dextrocardia with a) inverted double outlet right ventricle, b) common atrium and c) common A-V orifice ( fig. 5a and b ). In addition, the right superior vena cava entered the presumptive morphologic left atrial side of the common atrium. The inferior vena cava was absent with a hemiazygos extension to the right superior vena cava. The left pulmonary veins entered the presumptive right atrial side, and the right pulmonary veins entered the presumptive left atrial side of the common atrium.
Course of the Conduction System (fig. 5)
The S-A node was present close to but not at the junction of the right superior vena cava with the presumptive morphologic left atrial side of the common atrium ( fig. 5a ). There were again two A-V nodes, with one approach posterior and one anterior. (downstream) part of the combined defect. These joined together to form the RBB which spread out widely over the endocardial surface of the right ventricle. It also gave off some fibers of the LBB. At the distal wall of the defect, the two bundles joined to form a sling ( fig. Sb) ; fibers of the anterior part of the LBB were given off from the sling. There was marked infiltration of mononuclear cells in the distal part of the anterior bundle, the beginning of the RBB and the sling. Discussion The conduction system in our case of dextroversion (case situs solitus atria with d-loop) was normally located anatomically but spatially altered. Thus the S-A node was present at the junction of the right superior vena cava with the right atrium situated posteriorly (dorsally) and to the right. The A-V node was the usual posterior type of node, and the node and its approaches were situated adjacent to the coronary sinus in the right atrium. The penetrating portion of the bundle of His was in the central fibrous body and lower confines of the pars membranacea, and the branching bundle was normally located. The right and left bundle branches were in their corresponding ventricles, and therefore the RBB was posterior (dorsal) and the LBB anterior (ventral).
Likewise in our case of mirror-image dextrocardia (case 2 situs inversus atria with L-loop) the conduction system was in the normal position anatomically, but spatially altered. Thus the S-A node was situated at the junction of the left superior vena cava with the right atrium situated anteriorly and to the left. The A-V node and its approaches and the A-V bundle were in their usual posterior position. The bundle branches supplied their corresponding ventricles and therefore the RBB was anterior (ventral) and the LBB posterior (dorsal).
The above findings are at variance with the findings in one case of mirror-image dextrocardia (situs inversus atria with L-loop) in which there were both anterior and posterior nodes forming two bundles which converged into one bundle.' This case was a variant of WPW syndrome electrocardiographically and therefore may be exceptional for dextrocardia with situs inversus atria with L-loop. Thus more work needs to be done on the conduction system in mirrorimage dextrocardia to see whether double A-V nodes are found in this type of dextrocardia without WPW.
In our case of mixed (discordant) dextrocardia (case 3 situs solitus atria, pivoted, with L-loop), the S-A node was situated at the junction of the superior vena cava and the right atrium situated posteriorly (dorsally). Two (anterior and posterior) A-V nodes formed bundles which coursed over the parietal and septal walls of the left ventricle and joined to form a sling. The RBB was given off from the septal bundle, while the LBB was given off from both bundles. This type of conduction system with two A-V nodes each forming a bundle, with the two bundles joining to form a sling was first described by Monckeberg6 in a case of mixed levocardia with ventricular inversion (atria situs solitus with L-loop) with inverted double outlet right ventricle. More recently there was a suggestion that this was present in a case of corrected transposition.7 It is thus clear that what we may call a Monckeberg sling may be formed in any case where there is discordance of atria and ventricles. It is also possible that this may be present at least in some cases of mirror-image dextrocardia.'
In our cases-4 and 5 we are dealing with presumptive mirror-image dextrocardia associated with splenic abnormalities. Before conduction system studies were done, the above diagnosis of the atria at autopsy was based on the morphology of the atrial appendages, since the atrial septum was absent. In case 4 the S-A node was not found at the junction of the left superior vena cava with the presumptive morphologic right atrial side of the common atrium, where we would expect it to be in situs inversus atria. Instead it was present at the junction of the right superior vena cava with the coronary sinus. In case 5, the S-A node was present close to but not at the junction of the right superior vena cava with the presumptive left atrial side of the common atrium. Thus in case 4 it is in the correct morphologic atrial side but in the wrong place in this side, and in case 5 it is in the wrong morphologic atrial side. These cases suggest that the exact location of the S-A node cannot be predicted in dextrocardia with splenic abnormalities and common atrium, and that it is best to consider the atrial sides indeterminate in these cases regardless of their morphology. We were unable to find two S-A nodes in case 4 as described by Van Mierop.8 In cases 4 and 5 two bundles were again formed, one each on the anterior and posterior rims of the combined septal defects in the common A-V orifice, and a Monckeberg sling was again found at the distal (downstream) rims of these defects. The RBB came off the anterior bundle in the fourth case and from the anterior part of the sling in the fifth case. The LBB arose from both bundles in both cases. Since after the study of the location of the S-A node we cannot identify the morphologic sides of the common atrium, we do not know whether we are dealing with discordance or concordance of chambers in these cases. Our data therefore cannot shed light on the question as to whether Monckeberg slings are obtained only in discordance of chambers, or as a phenomenon associated with WPW, or whether they may be associated with other types of dextrocardia, mesocardia or levocardia.
Our present data and those of others' 7 indicate that there are various types of slings. The anterior A-V node and its approaches are usually situated in the roof of the right or common atrium close to an efferent artery. This forms a bundle of His which may proceed into the parietal surface of the morphologic left ventricle (as in case 3) or may swing from there onto the anterior septal surface of the left ventricle, anterior and distal to a ventricular septal defect (as in mixed-discordant levocardia with ventricular inversion) or to an anterior rim of a common A-V orifice (as in our cases 4 and 5). The posterior A-V node and its approaches originate in the posterior part of the atrial septum, either on the right or left side or on the floor of a common atrium. This forms a bundle of His which proceeds on the septal surface (as in case 3) either posteriorly or more anteriorly. If there is a ventricular septal defect or common A-V orifice it may course along the posterior rim of the defect. The two bundles meet distally to form a sling either in a horizontal fashion (as in case 3) or in vertical fashion (as in cases 4 and 5). The RBB may be given off either from the anterior bundle or from the anterior part of the sling or from the posterior bundle. The LBB is given off from both bundles.
The functional importance of the sling is unknown. Although it may have been related to the WPW syndrome as reported previously,1 there was no WPW in our three cases (3, 4 and 5) . It is interesting to note that there was considerable fibrosis of the anterior bundle as it formed the sling in case 3 and there was considerable infiltration of mononuclear cells in the sling and RBB in case 5. Thus in some cases the sling may not be active in conduction. The electrocardiographic diagnosis of a sling has not yet been made clinically, to our knowledge.
The electrophysiologic and surgical importance of a sling is self evident. In our material there is a varying size of the anterior and posterior component of the sling. Electrophysiologically both components need to be mapped out at surgery. This to our knowledge has not yet been done.3 Heart block may be prevented by judicious mapping9 and the severance of only part of the sling.
One can only conjecture as to the embryologic variant of Monckeberg's sling. This conjecture is compounded by the divergent views of the development of the normal A-V node, bundle and bundle branches. The normal embryologic development of the conduction system has been summarized previously.'0 The A-V node originates either completely from the sinus venosus, or from both the sinus venosus and atrial canal musculature, or from the atrial canal musculature alone. The bundle of His originates from the atrial canal musculature either in situ or from a proliferation of A-V nodal tissue. The bundle branches either originate in situ, from ventricular musculature or from ventriculobulbar musculature or as outgrowths from the bundle of His.
The ideas of Wenink"1 as to the embryologic development of the normal conduction system may be pertinent to the embryologic development of the sling. According to this author, in the embryo the myocardium of the sinoatrial, atrioventricular, ventriculobulbar, and bulbotruncal junctions or rings have morphologically specialized characteristics. Thus the sinoatrial node develops from the sinoatrial ring, the A-V node from both the sinoatrial and atrioventricular rings. The fusion of the bulboventricular and atrioventricular rings gives rise to the bundle of His, and the bulboventricular ring to the bundle branches. One can therefore conceive that where there is discordance of atria and ventricles or lack of formation in the atrial and ventricular septa, other parts of these various rings may be activated as well as the normal components to form Monckeberg slings.
Likewise, utilizing the ideas of Wenink one can very well understand the possibility that in dextrocardia with splenic CIRCULATION 170 CONDUCTION SYSTEM IN DEXTROCARDIA/Bharati, Lev abnormalities, dependent upon the method of entry and absorption of the sinus venosus, various parts of the sinoatrial ring may be activated to form an S-A node or two S-A nodes, hence the presence of an S-A node in the entry of the right superior vena cava into the coronary sinus, a derivative of the sinus venosus (as in case 4). One may also recall that early in embryonic life, the sinus venosus has a connection with the left atrium,'2 and may account for the presence of an S-A node at the junction of a superior vena cava and the left atrium in some cases.
The presence of a bundle of Kent in case 2 consisting of usual myocardial tissue without WPW confirms the work of Truex et al. 13 who found such bundles without WPW in infants with normal hearts up to the age of six months. However, the presence of an A-V nodal-like structure joining the left atrium and left ventricle as a bundle of Kent is remarkable. Such a structure, however, has been previously hypothecated."4
